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Abstract

The role of particle size during the hydrogenation/dehydrogenatiogctishexene (10 Torr
CsH1o, 200-600 Torr H, and 273 — 650 K) was studied over a series of monodisperse Pt/SBA-15
catalysts. The conversion of cyclohexene in the presenceesei (H2:CsHip ratio = 20-60)
is characterized by three regimes: hydrogenation of cggke to cyclohexane at low
temperature (< 423 K), an intermediate temperature range irhvioith hydrogenation and
dehydrogenation occur; and a high temperature regime in whichdehgdrogenation of
cyclohexene dominates (> 573 K). The rate of both reactions deamtedsimaxima with
temperature, regardless of Pt particle size. For the hyaatiga of cyclohexene, a non-
Arrhenius temperature dependence (appaneggative activation energy) was observed.
Hydrogenation is structun@sensitive at low temperatures, and apparently structensitive in
the non-Arrhenius regime; the origin of the particle-size depgnéactivity with temperature is
attributed to a change in the coverage of reactive hydrogen.| [@aratles were more active for
dehydrogenation and had lower apparent activation energiesatigenplarticles. The selectivity
can be controlled by changing the particle size, which is atdbtat the structure sensitivity of
both reactions in the temperature regime where hydrogenation angldrdgenation are

catalyzed simultaneously.



1. Introduction

Considerable work has been conducted to demonstrate the effeatiofe size on reaction
activity [1]. Reactions whose rate varies with particle simereferred to as structure sensitive
and those independent of particle size are termed structureiiivee[ly. The effect is often
seen in the particle size range of 1-5 nm, the region over whichatii®ifr of surface sites with
different coordination change most drastically. At particlesabove 5 nm, bulk crystal habits
have developed and changes in particle size lead to little chande iaverage coordination
number. Experimentally, the apparent sensitivity of a reactiohaatructure of a catalyst is
determined by measuring the rate of reaction over a sgrieggtalysts with varying particle size
(ideally with catalysts who particle size is monodispersed]B8, To this end, we synthesized
nearly monodisperse Pt nanoparticles (NPs) (1.7-7.1 nm) by solutise-pgb#oidal methods,
incorporated them into mesoporous SBA-15 silica matrices and cdesirsicucture (particle
size) — activity relationships for thane product reactions, ethylene hydrogenation and ethane
hydrogenolysis [3, 4]. In this manuscript, we utilize the santeokenonodisperse Pt NPs
supported on SBA-15 catalysts to correlateitifieience of particle size on selectivity during the
hydrogenation-dehydrogenation of cyclohexene.

The hydrogenation of cyclohexene to cyclohexane on supported narepedtialysts at
ambient temperature [5] is structure insensitive [6], simitarbenzene hydrogenation on
supported Pt catalysts [7]. The measurement of the rate atheyene hydrogenation on Pt
single crystals under high pressure conditions anbient temperature confirms the structure
insensitivity of the reaction [8, 9].

The dehydrogenation of cyclohexene to benzene is structure semsitivlese-packed Pt

single crystal surfaces; dehydrogenation proceeds more rapidthie Pt(100) crystal surface



than on the Pt(111) crystal surface [8, 9]. Two reaction intertnesdizave been observed
spectroscopically on both single crystal surfaces. On Pt(100),ydl@exadiene (CHD) is
observed, whereas on Pt(111), both the 1,3- and 1,4-CHD species dehwatieotp form
benzene. The structure sensitivity of cyclohexene dehydrogenstexplained by noting that
there is both a fast and slow reaction pathway on Pt(111); the sle@HD4pathway effectively
eliminates surface sites for the faster 1,3-CHD pathwayrtwover. The only pathway present
on Pt(100) is through 1,3-CHD, where all active sites on Pt(100kipate in the fast reaction
pathway [9].

Both hydrogenation and dehydrogenation products (cyclohexane and berarene)
thermodynamically-allowed and formed over Pt catalystatatmediate temperatures (4007
< 600 K). Previous work on silica-supported Pt catalysts demonstratietheyene and benzene
are not formed with thermodynamic selectivity [10]. There has i examination of the
influence of surface structure (or particle size) ondectivity of cyclohexene conversion in
excess hydrogen over experimental conditions where the formatibotlofcyclohexane and
benzene is thermodynamically permissible [10] because mogtiraepéal studies have focused
on conditions where only hydrogenation occurs (low temperaturepraitons where only
dehydrogenation [6, 11] occurs (high temperature) [12, 13].

Little is known about thatructure sensitivity of reaction selectivity [14]. Selectivity can be
altered by eliminating certain types of sites from theamarfof nanoparticles. A convincing
demonstration of the role of specific surface sites controllifectety in a catalytic reaction
was demonstrated recently for the chemoselective hydrogenatamnodéin over supported gold
nanoparticle catalysts [15, 16]. For Au nanopatrticle catalyzedeathydrogenation, thedges

of single-crystalline gold particles have been identifiedhasatctive sites for the preferred C=0



hydrogenation suggesting that the size (and/or shape) of the naslepam influence reaction
selectivity [16]. The activity (and therefore selectivity)tbe unsaturated alcohol during the
chemoselective hydrogenation of crotonaldehyde increased with ingy@asticle size [17].

Our previous approach to understand the influence of particle size ayticaactivity has
been to synthesize transition metal nanoparticle SBA-15-supported catalysish the particle
size is carefully controlled by solution-phase nanoparticlensgng [3, 4, 18]. In this paper, we
examine the effect of particle size on reaction selectiaitythe conversion of cyclohexene in
excess hydrogen. We demonstrate that in a regime where béthexgne and benzene form,
the surface is depleted in hydrogen and the particle size inflseraction selectivity through a
particle size dependent reactive hydrogen coverage [19]. Thegeydtion of cyclohexene is
structure insensitive under conditions of reversible hydrogen adsorfdw temperature) and
becomes structure sensitive with an apparent dependence on hydregmirgmhich is much
greater than unity at higher temperatures. We compare adtisresth kinetic measurements on
platinum single crystals, which confirm the structure sengitioft selectivity in cyclohexene
hydrogenation-dehydrogenation in excess hydrogen [9].

2. Experimental
21  Catalyst Synthesis and Characterization

A series of ~0.6 % PX)/SBA-15 X = 1.7, 2.9, 3.6 and 7.1 nm) catalysts were used in these
experiments. A detailed description of their synthesis and ¢bawation has been published
previously [3, 4]. Pt nanoparticles between 1.7 and 7.1 nm protected by ptgywialidone
(PVP) are synthesized by modified alcohol reduction methods I riygarly monodisperse Pt
nanoparticles. After synthesis of the nanoparticles, we encapsubem in a SBA-15-like

structure by direct participation in the hydrothermal processmiesoporous silica formation.



The synthesis of SBA-15 is conducted at neutral pH using NaEa&slgst for hydrolysis of the
silica precursor [20], conditions which differ from the originalafggion of SBA-15 synthesis
[4]. Catalysts are activatest-situ prior to catalysis by calcination in 20 %/Be (or pure Q)
and reducedn-situ directly before reaction in order to remove PVP fragments dsdrlaed
oxygen from the surface of the particle [4]. A 3.2 % PtfSi@ialyst prepared by ion-exchange
of Pt(NHs)4(OH).xH,0O at pH 9 [21] was used as a standard sample for reaction stitfies
reduced this catalyst (herein referred to as Pt(1 nm))®ipan identicaln-situ procedure used
for the SBA-15 catalysts.

The characterization of these catalysts has been published phey&us 22]. The particle
size determined by selective chemisorption-Q titration) differed from the as-synthesized
size measured for the unsupported clusters by x-ray diffractioh teansmission electron
microscopy [3], which we believe is primarily due to the infice of residual PVP on the
surface of the nanoparticle.

Kinetic measurements were conducted in a plug-flow reactoR)(R¥perating under
differential conditions (conversion varied between 1-20 %). Calcit'&BR-15 catalysts (2-5
mg) diluted in acid-washed low surface area quartz (10-25 ragp meducedn-situ (directly in
the PFR) prior to reaction. Helium and, Mere delivered to the reactor with mass flow
controllers (Unit Instruments Corporation, Model UFC 1200) whildatyexene was pumped
(typical volumetric flow rates were 1-10 mChinto the He/H flow by a syringe pump (Cole
Parmer). All lines before and after the quartz U-tube reactoe heated to 393 K to prevent
condensation of organic compounds. After allowing the catalyst to eeatgady-state activity
at 273 or 298 K, the catalyst bed was heated in ascending orderi2@ements) and cooled

(first by 10 K, and then in 20 K increments) back to room-temperaitliere was no hysteresis



in the temperature-dependent activity data suggesting tleatersible deactivation at high
temperature was minimal. Reactant and product concentrations measured during the
ascending and descending temperature sequence with a gas chrgoha{btpalett Packard
5890 Series Il) equipped with a ten way-sampling valve allowingl&aneous monitoring of
organics with a flame ionization detector (FID) and thermal condtyctietector (TCD) for
detection of hydrogen. The mass activitynpl g* s) for both cyclohexane and benzene were
calculated from the measured chromatograph peak area using refsmboise[23] and assuming
a rate equation for a differential reactor. The turnover frequéoc both products was
calculated by normalizing the mass activigmol gca s*) to the number of surface Pt atoms
(Pt) determined by HO, titration [3, 4].
3. Results and Discussion
3.1 Influence of temperature on cyclohexene hydrogenation-dehydrogenation

The temperature dependence of cyclohexene hydrogenation-dehydimgyeaatbe divided
into three regimes (hydrogenation only, hydrogenation + dehydrogenand predominantly
dehydrogenation) [24]. Hydrogenation is the only reaction atéompératures<(400 K), while
simultaneous hydrogenation and dehydrogenation occurs from ~400 to 600st&ndard
conditions (10 Torr gHi0, 200 Torr H, balance He). Dehydrogenation is the dominant reaction
path at temperatures 600 K. Figure 1 demonstrates that within the three regimes, the
hydrogenation rate follows normal temperature dependent (Arrherehs)vior, goes through a
well-defined maximum (~ 350 K) and then decreases with incrgaemperature. The third
regime is commonly referred to as ‘non-Arrhenius’ or ‘bend-over’ ieng25] and has been
reported for the hydrogenation of benzene on carbon-supported Fe andyBtscfé, 27], the

reforming of hexane in excess hydrogen on Pt catalysts [25, 2&IR&he hydrogenolysis [30,



31] and cyclohexene hydrogenation on a Pt(111) and Pt(100) single swys$tales [9, 32, 33].
In the third regime (T > 600 K), the production of cyclohexane has aksmleconsiderable (with
turnover rates (~3"3 comparable to those measured at 300 K). The rate of dehydiogenat
begins to decrease which is probably related to a decreaselohex@ne and/or Hcoverage.
Decreased activity at higher temperatures in not attributed tdegpesition of carbon because
during the decreasing temperature ramp, the measured rates ballwveen the activity points
measured during the ascending temperature ramp.

This non-Arrhenius behavior for the hydrogenation of cyclohexeadsldo a negative
apparent activation energy and is commonly associated with unfavorable adsorpt
thermodynamics leading to a low coverage of eithgiior H,, respectively. Yoon and
Vannice noted a maximum turnover frequency-~a473 K for GHg pressures (20-100 Torr),
which decreased te453 K at lower pressures (3 Torr) for GHg hydrogenation of over a
supported-Fe catalyst. The increased benzene partial pre$kuds a larger coverage of
benzene. Yang and co-workers suggested recently that the ‘bandxobenius behavior for
cyclohexene hydrogenation on Pt(111) was due to a low cyclohexene co{&2hgelLow
hydrogen coverage has been proposed by others as the cause forhamu&rbehavior during
hydrogenation reactions. Paal measured a maximum rate faycaydon reforming reactions,
and demonstrated it is related to a hydrogen coverage effect f&bthe reaction temperature
increases at constant hydrogen pressure, the hydrogen coverage aatg thiehydrocarbon
reforming decreases. Paal suggested that measuring thearatea -- where the dependence on
H, is zero order -- as function of reaction temperature should yield a ‘nonppalfent activation
energy [25]. We examine the influence of hydrogen partial pressurthe non-Arrhenius

behavior in section 3.4.



3.2 Temperature dependent structure sensitivity of cyclohexene hydrogenation-
dehydrogenation

The activity, turnover frequency (TOF), and apparent activation engngyboth the
hydrogenation and dehydrogenation of cyclohexene are compiled in TableeIrates for both
reactions measured on a Pt(111) and Pt(100) single crystabarm@luded in Table 1 [9]. The
hydrogenation TOF at 313 K is structure insensitive, the rages-25 & and the apparent
activation energy is ~9 kcal mbl Cyclohexene hydrogenation is structure-sensitive at low
temperature, but as the temperature is increased into the ‘nle@pArs’ regime, the reaction
becomes structure sensitive. Figure 2 demonstrates at 448 KOEhermPt(7.1 nm)/SBA-15 is
a factor of four greater than the TOF on Pt(1.7 nm)/SBA-15. THerelce is proposed to be
due to a particle-size dependence on the totatdderage (i.e. a bare surface) or a decreased
coverage of a particular population (subspecies) of adsorbed hydrogek, (wederately or
strongly adsorbed hydrogen). We explore both of these scengrmsamination of published
data on the measured differential heat of hydrogen adsorpttend® = 0) dependence) and
temperature-programmed desorption (TPD) behavior of silica-sugpBtteatalysts. Vannice
and co-workers demonstrated there is no dependence of the initial heat of adsidrigtion the
Pt particle size on Siisupported catalysts [34]; even though the heat of adsorption of hydrogen
on single crystal surfaces is facet-dependent [35, 36]. Basé@ sighificant scatter in reported
values for the integral (and differential) heats of adsorption,aittfloom temperature on silica-
supported Pt catalysts, we propose that the heat of adsorption oficulamopulation of
adsorbed hydrogen is particle-size dependent and representgatttever hydrogen in the
hydrogenation/dehydrogenation of cyclohexene. TPD of adsorbed hydrogen Si@m

supported Pt nanoparticles demonstrate that there can be up taliffesmnt populations of
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adsorbed hydrogen with desorption temperatures centered at ~370 K, aB@0~-K40 K [37].
The maximum temperature of desorption for the second desorptien (d&toted a$,) is
particle size dependent. The desorption pfahges from 410-440 K on small (~1 nm) particles
and 580-600 K for large (5-15 nm) particles; faehydrogen is most relevant hydrogen species
during the hydrogenation of cyclohexene at temperatures gréatertie rate maxima. The
percentage of total hydrogen desorbed &3, &pecies from a series of silica-supported Pt
catalysts (in general) increased with increasing particée sThe increased activity of the Pt(7.1
nm)/SBA-15 for the hydrogenation of cyclohexene at the higher tepes is supported by
fact that the temperature for hydrogen desorption fronfthstate increases with particle size.
The particle-size dependent behavior of HPD is consistent to explain the particle size
dependence of cyclohexene hydrogenation at 448 K: the surface of large particeered with
adsorbed hydrogen atoms, while 448 K is a temperature greatehthamkimum desorption
temperature of hydrogen for the small particles (~425 K), tieguih a surface with decreased
hydrogen coverage relative to the larger particles (~590 K).

The kinetics for the dehydrogenation of cyclohexene at 423 K areedparifable 1. The
TOF for dehydrogenation varies from ~2-9 as the particle size increases from 1.7-7.1 nm.
The rate of dehydrogenation is more sensitive to particle teem@ hydrogenation. Over the
‘normal’ regime of Arrhenius behavior, the apparent activationggnearies from 16-24 kcal
mol™ (Figure 1B). At higher temperatures (> 550 K), the rate bjd®genation leveled off for
all particle sizes. In this regime, very small apparernvatin energies (~2-3 kcal ml were
measured. The decrease in rate is attributed to decreag#ddhexene and/or Hoverage [26,

32]. The dependence of the rate on the pressure of hydrogeinas and doesn’t increase
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significantly with temperature (Heaction order of 0.2 at 413 K compared with 0.3 at 598 K)
(see section 3.4).

Table 1 also includes the rates measured for cyclohexene hydiogenand
dehydrogenation at high pressure (760 Torr) on Pt single crydtais apparent from Table 1
that the rate of hydrogenation on the single crystal surfaeesnahe same order as the Pt/SBA-
15 catalyst series, but the rate on Pt(111) is higher than th@OP&nd Pt(223) surfaces at the
reaction conditions (10 Torreg8i0, 200 Torr H, and 313 K) stated in Table 1. The rates of
dehydrogenation are again higher on the Pt(111) surface than tl®)PoflPt(223) at the
conditions specified in Table 1. The noticeable difference is dahe of dehydrogenation
measured on the Pt(223); it is an order of magnitude lower thantthenid)/SiQ catalyst,
which presumably have similar surface structures. An exptanfdr the structure sensitivity on
Pt single crystals has been suggested by McCrea and Sobasg on characterization of the
surface under reaction conditions by sum frequency generation (Stita)ce vibrational
spectroscopy [9]. The (100) surface is more active (at tenuperaf rate maxima) than the
(111) surface. A dehydrogenated intermediate, 1,3-cyclohexadieneedasdentified on the
Pt(100) surface, while two intermediates (1,3 and 1,4-cyclohexadieaes)oeen identified on
the (111) surface by SFG. It is suggested that the 1,3-cyeldisee is the involved in a “fast”
reaction pathway for benzene formation and the 1,4 species preseminotilg (111) surface
converts to benzene at a much lower rate because the 1,4-CHDediate must intially
isomerize to 1,3-CHD before dehydrogenating to benzene. The spectroscopic evidence
of either species on the surface of nanoparticles and therefsramappropriate to suggest the
presence of one or both species on the nanopatrticle surface duniogetrr explains the apparent

structure sensitivity for benzene hydrogenation.
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3.3  Roleof particle size in cyclohexene hydrogenation-dehydr ogenation selectivity

The dehydrogenation of cyclohexene is more facile on the emgahhrticles, while
hydrogenation is influenced by particle size in a temperataperent manner (Figure 2).
Figure 3 demonstrates the influence of particle size on #wtioa selectivity at 10 Torr ¢E1o,
200 Torr B and 423 K. The selectivity to benzene is highest (>60 %) on theghartides and
subsequently decreases to less than 10 % on large (7.1 nm) garti€ld@s is a unique
demonstration of the influence of particle size on reaction setgctand these conditions in
particular demonstrate the major product can change with pasizee The inset demonstrates
that the ability of a particle to change the major productpisli@able only under certain
experimental conditions. At 523 K, the selectivity to benzene is >G0r%ll particle sizes,
although the selectivity to cyclohexane increases with padioée The increase in selectivity to
cyclohexane at larger particle size is significant andeel&éd an increase in hydrogen coverage
(see section 3.4).

The selectivity to hydrogenation-dehydrogenation products durinigplhmsene conversion
over a wide temperature range is also facet-dependent, amsteamted by Somorjai and co-
workers [9, 32, 33]. On Pt(100) at 423 K, the selectivity to cyclohegEddorr GH1o, 100
Torr Hy) is 82 %, while the corresponding selectivity is 75 % on Pt(111)528tK, the higher
selectivity to the hydrogenation product is now measured on the (114¢esf34 %), while the
hydrogenation selectivity on Pt(100) is only ~14 % (see Figure 8.inB&gure 3 demonstrates
that the selectivity for both single crystal matches the 3 nameler particle, while the
selectivity at 523 K demonstrate the (111) single crystal behawee like the largest Pt particle,
and the Pt(100) continues to behave like the Pt(2.9 nm)/SBA-15 catalyst. The nelespaséd

in this study do not demonstrate well-defined changes in shape wiitigaize; therefore, we
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believe the influence of particle size on reaction selectisitielated to changes in the average
coordination number of the atoms within the nanoparticles rather tharshidyee of the
nanoparticle.
3.4  Influence of hydrogen pressure on cyclohexene hydrogenation-dehydrogenation activity
and selectivity

The influence of hydrogen partial pressure is shown in Figure 4 émdthe Pt(1 nm)/Si©
sample which we believe has the lowest coverage of hydrogen waiion conditions [38].
As the pressure of hydrogen increases from 200 to 600 Torr, the depemaf the rate of the
hydrogenation reaction changed considerable over a 400 K tempeiatemel. At low
temperatures (303 K), the reaction order pwts 0.48 (see inset of Figure 4), which is in good
agreement with previous measurements on supported Pt catalystadld P4 powder [6]. As
the temperature increased, the reaction order became motepoasnd approached values
greater than unity. At 548 K, the,Heaction order for hydrogenation was ~1.5. A first-order
dependence on hydrogen can be derived easily if the additiosemfoad hydrogen to the half-
hydrogenated cyclohexyl ¢8111) species is rate-determining, but there is no straightforway
based on Langmuir-Hinshelwood kinetic schemes to arrive at 2018 dependence on
hydrogen. As the Hpressure was doubled from 200 to 400 Torr, there was an increase in the
temperature of maximum rate (from ~350 K to 373 K). The ineréagate over the entire
temperature range suggests that the hydrogen content on thee suidegases. Figure 5
demonstrates that the influence of increased hydrogen pressusessisdiamatic for the
dehydrogenation pathway. At low temperatures (413 K), the predependence on:Hs 0.2
(inset of Figure 5). At a temperature of 598 K, the dependence,odoét not change

substantially. This result is anticipated due to the fact thatdtegenation only needs hydrogen
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to remove carbonaceous residues from the surface [25] and the weakletemeon hydrogen

may suggest that most of the deposited carbon is mobile enough tatemig the support

without deactivating the catalyst [39]. In temperature-prograchneactions (both ascending
and descending temperature ramps), we see no indication of high-temperattikatien.

The increase in f pressure increased the selectivity to cyclohexane over thee entir
temperature range, but it is most apparent at high temperébtoref\rrhenius behavior regime)
where the steady-state coverage of hydrogen is affectie tgreatest extent allowing for higher
hydrogenation activity. Vannice and co-workers reported the altégat of adsorption was
invariant with particle size for a series of Si€upported Pt catalysts synthesized by standard
impregnation methods [34]. An initial heat of adsorption measured/8rORtatalyst with an
average particle size of 2 nm was 26.3 kcal“mehile the room temperature integral heat of
adsorption at full monolayer coverage was 24.5 kcal'n{tiese values were used for the
Temkin isotherms calculated in Figure 4 as a function of teriyerat two different klpartial
pressures). TPD studies by Sermon [37] on supported Pt catdbmsignstrate hydrogen
requires a range of temperatures to fully desorb (apparent desoepergy, &> AH,qgs the
apparent activation energy for desorptiogq B 0) due to the adsorption of different hydrogen
populations on energetically non-equivalent sites, suggesting thatdaheaations segregate on
the surface ([10] and see Appendix I). Although the coveragendetsd by the Temkin plot
calculates zero coverage at temperatures > 450 K (FigureP4), studies demonstrate that
hydrogen desorbs at temperatures > 600 K, with the larger partiefaonstrating more high-
temperature hydrogen desorption [37]. We believe that this higberature population of

adsorbed hydrogen increases with increasing hydrogen pressusep@rticle-size dependent
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manner) and is responsible for the increased hydrogenation aetithtyarticle size at higher
temperatures (Figure 4).
4, Conclusions

The role of Pt particle size (1.7 — 7.1 nm) on #sectivity to hydrogenation and
dehydrogenation products during the conversion of cyclohexene insekgasas examined.
The temperature dependence of the reaction is characterizéutelyregimes: hydrogenation
only at low temperature<§00 K); simultaneous hydrogenation and dehydrogenation at
intermediate temperatures (40T < 550 K), and predominantly dehydrogenation at high
temperatures (> 550 K). During simultaneous hydrogenation-delgmlogn, the rate of
hydrogenation decreases with increasing temperature (non-Arrhemasgidrg, while benzene
formation behaves in a normal Arrhenius manner. At high testyrers, where dehydrogenation
dominates, the apparent activation energy remains positive buasesreubstantially. The rate
of dehydrogenation of cyclohexene to benzene decreases monotonicallpewxperimental
particle size and the apparent activation energy decreashe asetallic dispersion increases.
The activity for the hydrogenation of cyclohexene to cyclohexarstructure-insensitive under
conditions of reversible Hadsorption at low temperatures, but becomes structure sensitive at
high temperatures due to a particle size dependence @ovbeage of reactive hydrogen. The
selectivity was particle size dependent in the pressure regime studiedHgteH;o = 20-60)
due to a particle-size reactive hydrogen coverage dependenceatis&ts the hydrogenation
pathway to become structure sensitive at temperatures wheredetfmydrogenation of
cyclohexene to benzene occurs simultaneously. This work demondhiatesider a particular
set of reaction conditions, the selectivity during the conversionabblogxene can be influenced

by particle size.
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6. Appendix |. Deviations from thermodynamic selectivity at high temperatures:
I nfluence of hydrogen coverage and surface reaction segregation

The thermodynamics of cyclohexene hydrogenation are favored &hoperaturesAGy, = -

18 kcal mof* at 298 K), while the dehydrogenation is favored at high tempesa@h@ = -11

kcal mol* at 600 K) [40]. The thermodynamic selectivity, defined%L, whereKy and

(K, +Kq)

Kq are the respective equilibrium constants (and related to theeriexrgy of reaction,

Kzexp{_f%j) for hydrogenation and dehydrogenation is plotted as the solidifine

Figure A1l. The free-energy reaction data was obtained fddin At 400< T < 450 K, the

experimentally-measured selectivity for hydrogenation is towean the thermodynamic
selectivity for most samples, although a few of the low-tentperaexperimentally-measured
selectivity data was greater than the thermodynamic values i$hattributed to error in the

measurement of the individual reaction rates in this reginezenine dehydrogenation activity is
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low. Figure Al1-A demonstrates the selectivity for cycladrmex predicted by thermodynamics is
much greater than the experimentally-measured values aétatues > 450 K for all catalysts
(supported and single crystal). The deviation in this temperatmgeris related to a much
larger decrease in the rate of hydrogenation over this teaperainge (see Figure 1A, the rate
of hydrogenation actually decreases with increasing teahpe) than the rate of
dehydrogenation which has begun to plateau (Figure 1B). The owenadl of increased
hydrogenation selectivity on catalysts containing larger pestict apparent over the entire
temperature range as discussed in Section 3.2 and demonstragaren3-i Due to the fact that
cyclohexane selectivity is lower than the thermodynamic selyc the benzene selectivity will
be correspondingly greater than the thermodynamic selectihigyre A1-B). For all but a few
data points, the selectivity to benzene is greater than that predictedrbgdiyaamics.

Significant deviations of kinetic selectivity from thermodynanselectivity has been
documented previously for this reaction [10]. The authors suggested thaehotions surface
segregate to specific sites on the nanoparticle surface [1Gfclo@xene dehydrogenates
preferentially at low coordination sites (which are more pgemtaon smaller particles and
consistent with particle-size dependent data (see Table 1)), amadsbebed hydrogen diffuses
away from low coordination sites to higher-coordination sites wihelesorbs (2H*= Hy(g) +
2*) immediately or reacts with cyclohexene adsorbed at high codi@hnaites to form
cyclohexane. The hydrogen at the high coordination sites in thenpeesof adsorbed
cyclohexane may represent the high temperature population obseridlPD studies [37].
The equilibrium occurs in isolation, effectively separating adsbhyelrogen and hydrocarbon,
allowing non-equilibrium yields of benzene. Sermon and co-workers prapaseunder

conditions where both cyclohexene hydrogenation and dehydrogenation octhe same
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surface, the two reaction pathways segregate [10]. This pictureonsistent with the
cyclohexene hydrogenation rate and the observed changes in dgledtiviparticle size (see

Figure 2 and 3, respectively).
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Tablel. The activity and selectivity for cyclohexene hydrogenation-deig@hation and the apparent activation energy (in the linear
regime) over Si@supported Pt catalysts.

Particle size by Hydrogenation Dehydrogenation
Catalyst® chemisor ption activity® TOF¢ E.f activity® TOF¢ Ea

(nm)® (umol g* st (sh (kcal mol™)  (umol g*s?h) (sh (kcal mol™)
3.2% P1/SiQ 1 590 3.6 9.6 1427 8.7 16.0
0.6% Pt(1.7 nm)/SBA-15 2.7 41 3.2 8.7 71 5.5 17.1
0.77% Pt(2.9 nm)/SBA-15 3.1 56 3.9 9.1 49 3.4 19.1
0.6% Pt(3.6 nm)/SBA-15 4.2 31 3.7 9.4 15 1.8 20.9
0.62% Pt(7.1 nm)/SBA-15 9.4 19 4.9 9.8 6 1.6 24.2

Pt(111f -- - 14.6 8.6 - 15.8 17.9

Pt(100Y -- -- 1.3 18.8 -- 8.6 22.4

Pt(223) -- - 7.9 5.0 - 0.4 >8

®Particle size determined by counting > 200 pariftem TEM micrographs.

Determined from the total Huptake after @chemisorption (O, titration) and d(nm) = 1.1BY, whereD is the dispersion.

‘Standard conditions are 10 TorgHGg, 200 Torr B, and313 K (hydrogenation) o423 K (dehydrogenation).

YNormalized by the total number of surface atomssuesal by H-O; titration.

°Standard conditions were 10 TorgHG,, 200 Torr H, and 273-323 K for the supported catalysts. Tdtiwigy in this temperature regime displays ‘normal
Arrhenius temperature-dependent behavior.

'Standard conditions were 10 TorgHG,, 200 Torr H, and 398-443 K for the supported catalysts. Tdiiity in this temperature regime displays ‘norinal
Arrhenius temperature-dependent behavior.

9From reference [9].

"The original reaction conditions were 10 TogHg, 100 Torr H, balance He and temperatures specified in (c)e fHtes were corrected to standard
conditions assuming 0.75 ordes tependence for hydrogenation [6] and 0.2 reaairder for dehydrogenation (this work).

'From reference [8].

IThe original reaction conditions were 7 TorgHg,, 70 Torr B, balance He. The rates were corrected to stanolarditions assuming 0.75 ordep H
dependence for hydrogenation [6] and 0.2 reactiderdor dehydrogenation (this work).
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Figure 1. Arrhenius plots for cyclohexene (A) hydrogenation and (B) delgghation on,f

3.2 % Pt(1 nm)/Sig@ (V) 0.6 % Pt(1.7 nm)/SBA-157) 0.77 % Pt/(2.9 nm)/SBA-15:-) 0.6 %
Pt(3.6 nm)/SBA-15; and)) 0.62 % Pt(7.1 nm)/SBA-15. The Arrhenius plots for hydrogenation
undergo a change in the sign of the slope (non-Arrhenius behavatgatperature of ~ 350 K
for all particle sizes. The Arrhenius plot for dehydrogenation detrades the rate begins to
level off at a temperature of ~550 K. The inset of (B) showstki®aslope at high temperature
corresponds to an apparent activation energy)B&f ~2 kcal mof, while the low temperature
Eapp (Arrhenius regime) is an order of magnitude larger for the 3R2t@ nm)/SiQ catalyst.
The rates were measured at 10 Tadfg, 200 Torr H and balance He. The dashed vertical line

in (A) represents the temperature at which dehydrogenation activityasuneel initially.
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Figure 2. The influence of particle size on the turnover rate (nopedlito the number of
surface atoms determined by-B; titration) for cyclohexene hydrogenation at two different
temperatures (313 and 448 K). The reaction is structure inseredtlogv temperatures, and
apparently structure sensitive at high temperatures. Thisetitferin reactivity as a function of

temperature and particle size is attributed to change in the covenagetode hydrogen.
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hydrogenation/dehydrogenation of cyclohexene over the series BAPYS catalysts. The
reaction conditions are 10 Torgldip, 200 Torr H, and 423 K. The inset is the selectivity at 523
K and the same pressure conditions. At 423 K, the particle siagedicselectivity; Pt(1.7 nm) is
more selective for the formation of benzene than catalystshdgttarger particle size. At higher
temperatures, where dehydrogenation dominates, the particleasize smaller influence on the
selectivity to the minor product, cyclohexane. The hydrogenationtisélecs marked on the
ordinate of the figure (and inset) for Pt(111) and Pt(100) single crystals [9].
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Figure4. The influence of Kpressure ({ 200 Torr; () 400 Torr; and?) 600 Torr) on the rate
of cyclohexene hydrogenation on the 3.2 % Pt(1 nm Y 8#balysts over the entire temperature
range (i.e. normal and non-Arrhenius region). The solid and dashesl rigpeesent the
calculation of hydrogen coverage using the initial and monolayemoh@aisorption values [34]

in the Temkin isotherm for gas-phase hydrogen pressures of 200 @ntb60H,. The inset
demonstrates the change in tg¢action order with temperature. At low temperatures (~303 K)
the dependence of the reaction rate on the hydrogen presstirerder. The reaction order in
H, increases as the reaction temperature increases: 0.48 (303 KB348&4); 1.2 (473 K); and
1.47 (548 K).
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Figure5. The influence of Kpressure ({ 200 Torr; () 400 Torr; and?) 600 Torr) on the rate
of cyclohexene dehydrogenation on the 3.2 % Pt(1 nm )/&@lyst over the entire temperature
range. The inset demonstrates the change ire&ttion order with temperature. At 413 K, the
dependence onHs positive but low (~0.2), and as the temperature increases theddape on

hydrogen increases only slightly (reaction order at 598 K is 0.3).
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Figure Al. The selectivity to (A) cyclohexane and (B) benzene ovamaber of catalysts:)(
3.2 % Pt(1 nm)/Si@ (V) 0.6 % Pt(1.7 nm)/SBA-157f 0.77 % Pt/(2.9 nm)/SBA-15:-) 0.6 %
Pt(3.6 nm)/SBA-15; and)X 0.62 % Pt(7.1 nm)/SBA-15&) Pt(111) and ) Pt(100) single
crystal surfaces [9]. The solid line represents the thermaodgnaelectivity, based on the
temperature dependent Gibbs free eneig¥.4(T)) of both hydrogenation and dehydrogenation
reactions [41]. The points in (A) that lie above the thermodynaelectivity represent typical
uncertainties in the rate measurements, while the points itigEBbove the thermodynamic
selectivity line because the decreased hydrogenation &aate e a selectivity in benzene greater
than that predicted by thermodynamics. The reaction conditiores e orr GHip, 200 H

Torr and the temperature stated onxtfais.



